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ABSTRACT

Diarrheal diseases are still a significant problem for humankind, causing approximately half
a million deaths annually. To cause diarrhea, enteric bacterial pathogens must first colonize the
gut, which is a niche occupied by the normal bacterial microbiota. Therefore, the ability of
pathogenic bacteria to inhibit the growth of other bacteria can facilitate the colonization process.
Although enterotoxigenic Escherichia coli (ETEC) is one of the major causative agents of diarrheal
diseases, little is known about the competition systems found in and used by ETEC and how they
contribute to the ability of ETEC to colonize a host. Here, we collected a set of 94 fully assembled
ETEC genomes by performing whole-genome sequencing and mining the NCBI RefSeq database.
Using this set, we performed a comprehensive search for delivered bacterial toxins and investi-
gated how these toxins contribute to ETEC competitiveness in vitro. We found that type VI
secretion systems (T6SS) were widespread among ETEC (n = 47). In addition, several closely related
ETEC strains were found to encode Colicin la and T6SS (n = 8). These toxins provide ETEC compe-
titive advantages during in vitro competition against other E. coli, suggesting that the role of T6SS
as well as colicins in ETEC biology has until now been underappreciated.
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Introduction genes. Today, several of the most successful ETEC

Enterotoxigenic Escherichia coli (ETEC) is a major
cause of bacterial diarrhea, resulting in about
220 million diarrheal episodes annually.' In 2016,
ETEC was the eighth leading cause of diarrhea
mortality among all age groups, accounting for
around 50 000 deaths, 18 000 of these in children
below 5 years of age.” In order to cause disease,
ETEC enters the human host via the fecal-oral
route and colonizes the small intestine, where it
induces acute watery diarrhea by secreting diar-
rhea-inducing enterotoxins. Human ETEC is
defined as E. coli that can produce at least one of
two protein enterotoxins: heat-labile toxin (LT)
and heat-stable toxin (ST). Recent phylogenetic
studies have suggested that ETEC has emerged
from the E. coli population on several different
occasions through the acquisition of enterotoxin

families are found in endemic areas worldwide.*””

To effectively colonize the gut, ETEC must suc-
cessfully navigate the host’s mucosal defenses and
anchor itself to the small intestinal cell wall. It is
not clear how this anchoring occurs in all ETEC
strains, but colonization factors (CFs) are known to
play an important role in the strains encoding
them®. The CFs are adhesive fimbrial, fibrillar or
other surface proteins that attach to enterocytes in
the proximal small intestine. About two thirds of
ETEC strains express at least one of the more than
25 known CFs’. Recent studies suggest that the
ability of ETEC to successfully colonize humans
may vary depending on the volunteer and the
strain used.'*™"

For successful colonization, ETEC must also
challenge the presence of the existing normal gut
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microbiota. Gut microbiota can inhibit enteric
pathogen colonization and expansion, a property
termed colonization resistance."” This resistance is
partly due to the spatial occupancy of the niche by
the normal gut microbiota, limited nutrient avail-
ability, and modulation of immune defense.
Another important component of colonization
resistance is comprised of bacterial toxin delivery
systems, which many gut bacteria harbor and use
for competition with other bacteria (reviewed in."*
Thus, the ability to deliver antibacterial toxins may
play a role in ETEC colonization.

These antibacterial toxins can be secreted, such
as bacteriocins, or delivered through direct cell-cell
contact via contact-dependent growth inhibition
(cdiBAI) or the type VI secretion system (T6SS).
Bacteriocins produced by E. coli are divided into
two classes, depending on their size: colicins (>10
KDa), and microcins (<10 KDa) (reviewed in'®).
Both classes are either secreted into the extracellu-
lar milieu through general Sec-mediated protein
secretion, or released upon lysis of the producing
cells. Once in the supernatant, colicins, and micro-
cins target closely related Gram-negative bacteria.
Since their discovery in 1925, more than 20 differ-
ent types of colicins have been identified."> While
the function of colicins has been extensively stu-
died, their role and importance during host colo-
nization is still poorly understood. Samuels et al.
found, for example, that the ability to produce
colicin did not increase the colonization ability of
E. coli when tested in a mouse model,'® whereas
Sassone-Corsi et al. found that secreting microcins
greatly improved colonization ability."”

An alternative mechanism of antibacterial toxin
delivery is the use of CDI or T6SSs to transfer
toxins directly into neighboring bacteria.'®'” CDI
systems are encoded from a three gene cluster,
cdiBAI, where CdiB is the outer-membrane trans-
porter that transports the large, toxin containing
CdiA protein to the cell surface.*® Upon direct
contact with a target bacterium expressing
a cognate outer-membrane receptor, the
C-terminal end of the CdiA protein (encoding the
toxin) is cleaved off and delivered to the targeted
cell inhibiting its growth.”" On the other hand,
T6SS comprises a versatile cell-puncturing device,
capable of injecting a cocktail of effectors into
prokaryotic competitors as well as into eukaryotic

host cells (reviewed in*?). The apparatus is com-
posed of 13 core components, and the system has
been shown to provide a significant competitive
advantage to bacteria during competition in vitro.”
The effectors are attached to either the VgrG (tssI)
tip,>* the Hcp (tssB) tube®® or to the PAAR
protein,”® depending on their size and protein
domains. Effectors can be divided into two classes;
i) cargo effectors, where the effector is attached to
any one of the above mentioned T6S apparatus
components through protein-protein interactions
or ii) evolved effectors, where the effector domain
is part of either VgrG*” or Hcp.”® Antibacterial
effectors have diverse activities with periplasmic,
for example peptidoglyconases,”> or cytoplasmic,
for example DNase, targets.”> Thus, collected evi-
dence suggests that the presence of an active T6SS
improves the colonization ability of pathogens.”*”!
T6SS systems have been found in many pathogenic
E. coli, including isolates of extraintestinal patho-
genic (ExPEC), avian pathogenic (APEC), and
enteroaggregative (EAEC) E. coli.”* In EAEC, up
to two different T6SS (type il and i3) can be found
in a single strain,”> whereas up to three complete
T6SS systems (types il, i2, and i3) have been found
in APEC strains.>* Having multiple T6S effectors
has been shown to result in synergy between dif-
ferent effectors,”” but why some bacteria have mul-
tiple T6SS loci is not clear. In addition, very little is
known about the prevalence and use of T6SS in
other E. coli including ETEC.

Infant intestinal microbial composition is likely
to contribute to ETEC colonization resistance,
which ETEC need to overcome to cause infection.
To improve our understanding of competition sys-
tems in ETEC and how they contribute to success-
ful ETEC colonization, we investigated the
presence of bacterial competition systems in
ETEC. To this end, we collected a large set of high-
quality ETEC assemblies by mining publicly avail-
able complete E. coli genome sequences and by
sequencing additional ETEC strains. We analyzed
the presence and conservation of potential bacterial
toxins in these genomes. To investigate the contri-
bution of the identified competition systems to
ETEC competitiveness, we performed knockout
mutagenesis and in vitro competition assays,
using strains that we could acquire and which
contained different effector arsenals or types of



systems. In total four strains were included in the
study. Two of these strains contained an intact type
il locus, one in combination with a partial type i2
locus and one in combination with a colicin. The
two remaining strains carried partial il loci, one
where this was complemented with a partial type i2
locus, and one where no complementation existed.
The latter was included as a control which should
not show T6SS activity. Our results suggest that
competition systems are abundant in ETEC gen-
omes, and that the genes encoding the type i1 T6SS
are in particularly highly represented. In addition,
we show that these systems are under stabilizing
selection and provide evidence that some of these
systems contribute to the competitive ability of
ETEC in vitro.

Results
ETEC identification and phylogeny

To identify antibacterial toxins in ETEC, we
collected a set of 90 ETEC genome sequences
by searching for the structural genes of the
porcine (STp) and human (STh) variants of
ST, as well as LT in all completely assembled
E. coli genome sequences available in the NCBI
RefSeq database (n=2333, accessed October 4,
2022). In addition, we sequenced the genomes of
four additional ETEC strains (TW10573,
TW10828, TW14425, and TW10690), as
described previously.>*® High-quality nanopore
genome sequences with >100x coverage were
obtained for all four sequenced strains, enabling
the successful assembly of each chromosome
and plasmid into single contigs (Table S1).
Similarity was assessed for assemblies with
same sequence type or similar repertoire of
competition systems (see below) to control for
redundancy in the data set (Table S11). Detailed
information on all 94 ETEC strains, including
the predicted toxin and CF profiles, can be
found in Table S2.

To assess the relatedness between these
strains, we identified, concatenated, and aligned
100 single-copy genes found in all the ETEC
strains and 11 non-ETEC E. coli and Shigella
reference strains. Using this alignment, we gen-
erated a phylogenetic tree using Escherichia
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fergusonii as an outgroup (Figure 1, Fig. SI,
Table S2). To determine the representativeness
of the ETEC strains included in this study, we
compared the sequence type and CF repertoire
of the ETEC strains with previously reported
lineages from von Mentzer et al.” All 10 pre-
viously reported lineages were represented in
our dataset by 50 ETEC strains. Some of these
lineages are well represented, for example, L2
and L5 with nine and eight strains, respectively,
whereas only one strain with the same sequence
type and CF repertoire could be identified for
L9 and L10, respectively (Table S2).
Furthermore, we found 23 ETEC strains in
which we could not identify any CFs, and 21
strains with a combination of sequence type and
CF, which has not been attributed to any of the
lineages reported by von Mentzer et al
(Table S2).

Lineage 5 ETEC strains encode Colicin la

To study the bacterial competition systems in
ETEC, we first searched the genome of each
strain for genes encoding bacteriocins. Using
the sequences of all proteins annotated as bac-
teriocins in the UniProt database (3753 unique
sequences, release 2022_04) as a reference, we
identified different colicins or microcins in 21 of
the 94 ETEC strains (Table S2). The majority of
these strains, 17 out of 21, encode only one
colicin or microcin, whereas the remaining
four each have a combination of two different
colicins, either the combination of Colicin B/M
(three strains) or Colicin Ia/V (one strain).
Colicin Ia, which was identified in 11 different
strains, was the most prevalent bacteriocin
(Table S2).

Eight of the 11 strains encoding Colicin Ia
belonged to the ETEC Lineage 5 (Figure 1, Fig.
S1). Among these eight strains, the Colicin Ia
enocding gene sequences were identical (100%
nucleotide conservation) and present on ~ 150
kbp plasmids that shared >99.9% average nucleo-
tide sequence identity. The assemblies of the eight
Colicin Ia encoding ETEC strains are 91.7-99.9%
similar to each other (Table S11) and were collected
from human stool samples over a period of 15 years
from five different countries (Table S3). We
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Figure 1. Phylogeny and competition factors of ETEC strains. Relatedness and identified competition factors of 94 ETEC strains and 11
non-ETEC E. coli and Shigella strains using E. fergusonii as outgroup. All ETEC strains are named after respective assembly RefSeq
accession number or TW name. Names of non-ETEC strains are in red. Some branches were collapsed based on the presence of
bacteriocins and T6SS and named by a representative member of the group. Number of strains present in a collapsed branch is
indicated. Green indicates the presence of a bacteriocin or T6SS. Half-filled box indicates that some but not all members of the group
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(collapsed branches) carry the bacteriocin or T6SS (Full tree in Fig. S1). Yellow indicates partial T6SS system.




identified no strains belonging to lineage 5 lacking
the Colicin Ia-encoding plasmid, suggesting that it
is under selective pressure to be maintained in the
ETEC genomes. In support of this, the plasmid
encoding Colicin Ia was the only plasmid found
in all eight lineage 5 strains, while the presence of
other plasmids appeared to be more dynamic (Fig.
S2A). We also compared all plasmids found in the
nine-member lineage 2 strains in our dataset and
found that plasmids appeared to be frequently
gained and lost within this lineage (Fig. S2B).
Another example of a plasmid conserved within
an entire multi-member clade (five members) was
identified (L7) (Table S2, Fig. S2C). Interestingly,
this plasmid encodes both the enterotoxin and
colonization factor for these strains, suggesting
that it is also under strong stabilizing selection.
The remaining three strains encoding Colicin Ia,
belonged to two other clades in the ETEC phylo-
geny (Figure 1). The Colicin Ia-encoding plasmids
of these strains differed from those found in the
lineage 5 strains and showed low levels of synteny
in the genes surrounding the col-Ia gene (encoding
Colicin Ia) (Fig. S3). However, the col-Ia gene is
highly similar in all strains it was identified and has
>99% sequence similarity to the genes found in
lineage 5 strains (Table S4). None of the strains
belonging to either of these two clades lacked col-
Ia. Taken together, we found no evidence of an
ETEC lineage losing the col-Ia gene once it had
been acquired. This, together with the fact that
the nucleotide sequence of col-Ia within each clus-
ter is identical, suggests that the Colicin Ia-
encoding gene is under strong stabilizing selection
in these lineages.

T6SS is a common contact dependent competition
system for ETEC

Next, we analyzed competition systems that
require direct cell-to-cell contact between cells,
that is, the presence of cdiBAI or core genes
required for a functional T6SS. T6SS is classified
into different subtypes depending on the
sequence and order of the core components. We
found that 47 (50%) of the 94 ETEC strains
encoded potentially functional T6SS, and seven
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of the strains encoded two systems (Figure 1,
Table S2). The majority (43 of 47) of the strains
with potentially functional T6SS systems had the
type il locus, of which 38 had all core component
genes intact in the type il locus and five had
genes split between a type il locus and either
a type i2 or a type i4 locus (Table S2). Two
other types of intact T6SS were also identified:
type i2 (five strains) and type i4b (four strains).
One of the strains with intact type i4b system
(GCF_001677475.2), also encodes an almost
intact type i3 system (Table S2). Representative
gene orders of identified T6SS types are found in
Fig. S4A and an overview of the genomic locali-
zation of the different systems can be found in
Fig. S4B. The strains encoding type i2 or type i4b
T6SSs were not closely related, as indicated by
their phylogeny (Figure 1). Type i4b systems were
exclusively found on large > 100kbp plasmids in
this data set. In contrast, strains encoding type il
T6SS were grouped together in the phylogenetic
analysis. For example, all strains belonging to
lineage 5 harbored intact type il T6SS. Taken
together, these results show that T6SS are wide-
spread among ETEC strains, where sub-type il is
in particular highly represented.

We also identified partial or fragmented systems
in 22 of the 94 ETEC strains. As these strains lack
core components of the T6SS, these systems are
unlikely to be active or contribute to ETEC fitness.
Fragmented genes, due to the accumulation of non-
synonymous mutations, are a hallmark of reductive
evolution due to purifying selection.’”” As most
mutations are deleterious in nature, genomic DNA
under stabilizing selection is characterized as regions
where synonymous mutations occur more fre-
quently than non-synonymous mutations.”®*’
Therefore, we investigated whether the intact type
il systems (n = 38) were under purifying, stabilizing,
or diversifying selection. We identified low sequence
diversity among the T6SS core genes in these strains
(Figure 2a), suggesting that these systems are under
stabilizing selection. We also found evidence of sta-
bilizing selection when we analyzed the dS/dN ratio
for each gene with SNAP (Figure 2b, Table S5) and
for every codon in each gene with FUBAR
(Figure 2c, Table S6). A representative type il locus
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Figure 2. Conservation and selective pressure of type i1 T6SS components in ETEC strains with potentially active systems. a)
Nucleotide sequence complexity for each T6SS component in strains with potentially active systems. b) dS/dN values for the unique
sequences for each T6SS component. Dashed line =1 and dS/dN above 1 suggest stabilizing selection. ¢) Number of codons in the
nucleotide sequence of each component with indication of stabilizing or diversifying selection. Gene order corresponds to the T6SS

locus represented by TW10722 type i1 in d.

can be seen in Figure 2d. Taken together, these
results suggest that T6SS is important for ETEC, as
they are under selection pressure to be kept intact.

In contrast to T6SS, most ETEC strains do
not appear to use contact-dependent growth

inhibition (CDI) for competition. Full CDI sys-
tems (containing the cdiBAI gene cluster) were
only detected in two of the ETEC strains, and
these did not group phylogenetically (Figure 1,
Table S2). This is lower than expected from all



E. coli genomes, where recent analysis shows
that CDI systems are found in 7% of genomes
(Muir et al. in prep).

ETEC strains encode an arsenal of rhs effectors

The conservation of T6SS prompted us to investi-
gate whether ETEC strains share conserved effec-
tors. T6SS effectors can be divided into specialized
effectors, which are characterized by a Hcp, PAAR
or VgrG domain followed by a C-terminal toxin
extension, or cargo effectors which interacts non-
covalently with the T6SS machinery. To identify
putative specialized effectors, we analyzed all
ETEC strains with potentially active systems for
protein sequences with Hcp, VgrG, or Hcp
domains. In order to identify putative cargo effec-
tors, we searched for protein sequences with
domains previously shown to be hallmarks of
T6SS effectors, that is, MIX,* FIX"' and RIX.*
Using this approach, we identified 279 putative
specialized effectors but no cargo effectors. It is
likely that these strains do encode cargo effectors
that do not have the MIX, FIX or RIX domain.
However, currently we do not have a reliable way
to identify them bioinformatically.

We identified two types of potential effectors
with Hcp domains (Figure 3). The first, which
also contains S-type pyocin and HNH nuclease
domains, was only present in one of the ETEC
strains. The other, with only Hcp and HNH nucle-
ase domains, was present in more than 41 out of 47
ETEC strains with potentially active type il T6SS
(Fig. S1, Table S2).

We identified 237 intact proteins with PAAR
domains of which all were found to be rearrange-
ment hotspot (Rhs) proteins, a known class of T6SS
effectors.”® All of the investigated ETEC strains
harbored three to nine different Rhs effectors
(Fig. S1, Table S2). The Rhs proteins are modular,
with a C-terminal toxin domain encapsulated in
a YD-repeat cocoon.”” We further characterized
the Rhs proteins by clustering them based on syn-
teny and sequence similarity of the C-terminal
toxin part. In total, we identified 9 different Rhs
loci and 24 different toxins. A schematic overview
of where these loci can be found on the E. coli
chromosome is found in Fig. S4B. Of the 24 Rhs
toxins, six have a predicted activity while the
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functions of the remaining 18 toxins are unknown
(Figure 3). 37 Rhs effectors were found to be asso-
ciated with type il T6SS locus (locus 7) and genes
encoding VgrG were found upstream of the major-
ity of Rhs effectors in loci 6, 7, 8 and 10 (Fig. S5).
Rhs effectors in locus 7 are found adjacent to the
type il T6SS except for in GCF_001677475.2 which
lacks type il (Figure 3, Table S2). In general, strains
belonging to the same clade in phylogenetic analy-
sis also carry a similar arsenal of effectors.
However, there are also examples where closely
related strains have different Rhs toxins. One
example was found when comparing the two clo-
sely related L3 strains, TW10828 and ETEC-2264
(GCF_002302335.1) (Fig. S1, Table S2). Both
strains encode an Rhs toxin with a nuclease AHH
domain in locus 6. However, in the same locus,
ETEC-2264 contains an Rhs toxin with
a nucleotide deaminase MafB19 domain that is
lacking in TW10828 (Table S2).

ETEC strains expressing colicin can outcompete
E. coli MG1655 in vitro

To determine whether any of the competition sys-
tems identified in the ETEC strains were active
against other E. coli, we performed competition
experiments with nine of the strains included in
our dataset. We co-cultured them at a ratio of 1:1
with an E. coli MG1655 strain carrying a neutral
chloramphenicol marker downstream of lacA
(lacA-cat)** on solid M9 minimal medium for 24
h. One ETEC strain, TW10722 of the L5 family,
outcompeted E. coli MG1655 by five to six orders
of magnitude on solid media (Figure 4a, Table S7).
No significant competitive advantage was observed
for any of the other ETEC strains, except TW14425
which displayed a 4-fold increase in competitive
index over the MG1655 target strain. However,
also the wild-type MG1655 displayed a 2-fold com-
petitive advantage over the MG1655 target strain
with lacA-kan, suggesting that this target strain has
a small fitness disadvantage in this media. Several
of the tested strains encoded T6SS, but only
TW10722 encoded Colicin Ia, suggesting that this
colicin could be responsible for the observed
inhibition.

To investigate whether Colicin Ia is responsible
for the inhibition observed above, we i) deleted the
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Putative  Nr of Representative
Representative domain composition Ct function strains accession
Hcp effectors
a0 Endonuclease 1 WP_065226093.1
=0 Endonuclease 41 WP_000065907.1
Rhs locus 1 effectors Ntox34 RNase 12 WP_257776210.1
e —Mm T
DUF4329 Unknown 17 WP_126133062.1
Rhs locus 2 effectors
o0o—r—————————— 71 <= DUF4329 Unknown 15 WP_148050674.1
Rhs locus 3 effectors DUF4329 Unknown 1 WP_257185809.1
D e i W g Ct-4 Unknown 10 WP_235399392.1
_— o meeeeeeee e O Unknown 28 WP_001745089.1
Ct-6 Unknown 1 WP_065226381.1
Rhs locus 4 effectors
D e i W g
DUF4329 Unknown 31 WP_000015390.1
D— <>
Rhs locus 5 effectors
e —Mm T DUF4329 Unknown 19 WP_000014665.1
Rhs locus 6 effectors REase3 Endonuclease 2 WP_001514606.1
MPTase4 Peptidase 4  WP_001289086.1
Ntox30 RNase 5 WP_001716276.1
— O[T <a> . —
MafB19 Deaminase 4  WP_095892493.1
AHH Nuclease 4 WP_001289038.1
Ct-16 Unknown 1 WP_001289070.1
Rhs locus 7 effectors Ct-1 Unknown 1 WP_244585965.1
Ct-3 Unknown 1 WP_115786958.1
Ct-5 Unknown 2 WP_074502659.1
Ct-8 Unknown 3 WP_065225508.1
e —Mm T
Ct-10 Unknown 8 WP_042815288.1
Ct-12 Unknown 7 WP_000509090.1
Ct-13 Unknown 13 WP_257185792.1
Ct-17 Unknown 3 WP_000508713.1
Rhs locus 8 effectors Ct-2 Unknown 15 WP_235392029.1
Ct-3 Unknown 2 WP_115786958.1
Ct-7 Unknown 5 WP_000014719.1
Ct-9 Unknown 1 WP_251597831.1
Ct-10 Unknown 3 WP_062914709.1
Ct-11 Unknown 1 EIH04911.1
Ct-12 Unknown 12 WP_161622479.1
Ct-13 Unknown 3 WP_100635156.1
Rhs locus 9 effectors
Ct-15 Unknown 3 WP_001746890.1

PAAR
[Hcp

@puresst [[]RhsA
@Pyocin_s { )HNHc

[[]Rhs core <@ Rhs-Ct

.Bacuni 01323 like

Figure 3. Representative domain composition of putative T6SS effectors identified in ETEC strains with potentially active T6SS (N = 47).
Putative function, how many strains it was identified in and representative accession is summarized for each type of effector. Rhs
effectors are grouped based on their genomic location. Details of each Rhs locus is found in Fig. S5.
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Colicin Ia-encoding gene in TW10722, and ii)
cloned the Colicin Ia immunity gene, col-Ia-imm
under an arabinose-inducible promoter on
pBAD33 and transformed it, along with an empty
vector control, into MG1655. TW10722, lacking
col-Ia, did not outcompete MG1655 (Figure 4b).
At the same time, wild-type TW10722 did not out-
compete MG1655 carrying pBAD33:col-Ia-imm
when immunity expression was induced through
growth on arabinose containing media (Figure 4b,
Table S7). A small change in competitive index
(~10-fold) was observed in the strain with the
pBAD33:col-Ia-imm plasmid on arabinose, but
this is likely due to a fitness cost from expressing
col-Ia-imm, as a similar change could be seen when
the same strain was competed against TW10722
lacking col-Ia, but not for the empty vector
(Figure 4b, compare blue bars). On M9-glucose,
the presence of the immunity plasmid still pro-
vided 3-logs of protection (Figure 4b), but this
was significantly different from the protection
observed on arabinose. The pBAD promoter is
known to be leaky, and with a strong RBS some
protein is likely to be produced also during repres-
sive conditions. Thus, the partial protection
observed on glucose is a likely indication of how
little immunity is required for protection against
the Colicin Ia producing strain. To further verify
that the secreted colicins from TW10722 inhibited
the growth of MG1655, a supernatant growth assay
was performed. In essence, supernatants from cen-
trifuged overnight cultures of MG1655, TW10722,
or TW10722 col-Ia:cat were filter-sterilized and
added to growth media (ratio 1:1 supernatant:
LB). MG1655 was able to grow well in the super-
natant from MG1655 and TW10722 col-Ia:cat,
whereas no growth was observed in the TW10722
supernatant (Figure 4c, Table S7). Taken together,

these results suggest that Colicin Ia is produced by
TW10722 and that its presence in the supernatant
inhibits the growth of MG1655.

T6SS is activated by bile and contribute to ETEC
competitiveness in vitro

Next, we investigated the activity of T6SS in three
representative ETEC strains that we could acquire.
We also included one ETEC strain with a broken
T6SS (TW10573) as control. Two of these strains
contained an intact type il system (TW10722 and
TW10573) (found in the majority of ETEC strains
with T6SS) and one a partial type il system, that
was complemented with a partial type i2 system
(TW10828). Also, TW10573 carried a partial type
i2 system (Figure 5a). The effector arsenal among
these three strains was also different (Figure 5c).
Unfortunately, we were not able to acquire any of
the strains with intact type i2 or type i4 systems and
could therefore not assess the activity of these sys-
tems. To exclude the effect of colicins, we used
a TW10722 strain lacking col-Ia for these competi-
tions. To assess the effect of T6SS on competitive
ability, we removed tssM, which encodes one of the
core components of T6SS* in TW10722 Acol-Ia
and TW10828. Unfortunately, TW10573 was not
possible to transform, and we were unable to gen-
erate any deletion mutants in this strain. We com-
peted all of these strains against MG1655 carrying
neutral mutations providing resistance to cipro-
floxacin  (gyrAI1(S83L), gyrA2(D87N), parC
(S801)).%° None of the strains showed a more than
2-fold competitive ability on M9 minimal medium
supplemented with cas-amino acids and glycerol
(Figure 5b, green bars). T6SS in other
Enterobacteriaceae have been shown to be activated
only upon specific environmental cues, such as

were separated by plating on different antibiotics. Error bars represent SEM of N = 6 biological replicates. a) ETEC co-cultured against
E. coli MG1655, b) ETEC TW10722 wild-type or col-la:cat mutant co-cultured with MG1655 supplemented with empty vector or vector
encoded Colicin la immunity under an arabinose inducible promoter. Statistical significance was determined using Student’s t-test for
A and two-way Anova with Fisher’s LSD post hoc test for B. ns= not significant, *= P < 0.05, **= P < 0.01, ***= P < 0.001 and ****=P <
0.0001. Significance stars above the bars indicate significant difference compared to the MG1655 vs MG1655 control competition (A)
or for that competition in the two different media (M9 Glu and M9 Ara) (B). Other relevant statistical analyses are indicated with lines
connecting the two samples that were compared. All statistics can be found in Table S7. ¢) The growth of E. coli MG1655 in M9-glycerol
supplemented with spent media from wildtype E. coli MG1655, TW10722, or TW10722 col-la:cat cultures. Growth is measured by ODgqq

measurements over a 6 h period.



GUT MICROBES (&) 11

a Type i1 - intact
w722 4GOI aNEaE@|d-H> D D)
> NEY O O 5
@60 & @$ & & \6& & \%&\6‘%"’ & \6& @‘g@" @%&@@0 & o
{Qe'
Type i1 - complemented
TW10828
> O X L O 0, >
& @$ & F »@9\}\ SIS & & @‘3@& @9@%@3’ S & & ®
Type i2 - residual
O
\e& & & & @Q\’ @eo & & ,@?@é" &
Type i1 - intact
TW10573
> N & OO0 >
L& & FPF SRS FSESELL ¢ @
Type i2 - residual
O O
& F& & & FRE S
Type i1 - broken tssC
Twioss: ¢} I CICEEEEEHEEEHC D> D D
) Y O X oy DO & Lo 00 O > N
@e @$ ,@"c 4"’(0 @;_, @q, ‘@e\,ﬁe @g \fo% \,;a ,@e@e @e \,ﬂe ,@e @@ \e"’ ’0\'\
{(\9
Gene
. Gene E] Unknown function . Fragmented gene
L ns IL * ]
T Ll 1
b 12 ~ L *kkk I * k%% f
W Mo Bile : " L
B mo
10 1 *k Kk
&
% 8
[0}
o
£
2 6
=
£
o] 4 |
O
2
0
Inhibitor: MG1655 TW10722 TW10722 TW10573 TW10590 TwW10828 TWwW10828 TW10828
Acol-la Acol-la AtssM AtssM
AtssM pBAD-tssM
Target: MG1655, gyrA1(S83L), gyrA2(D87N), parC(S80l)
c o o )
e v

SV SV V

) ) ) )

Q> & le th N Qk X N> v
& §2~° PP FP K i

Q & ¢ ¢
S Y o

\‘é’\o
R S S A S A AR

TW10722

TW10828

TW10573

TW10590

Figure 5. ETEC TW10828 uses T6SS to outcompete MG1655 in vitro. a) lllustrations of the T6SS loci found in the different ETEC strains
available for competitions (TW10722, TW10828, TW10573, and TW10590). b) Competitions with ETEC with or without tssM against
E. coli MG1655 on solid M9-glycerol media supplemented with 0.1% bile salts and L-arabinose for 6 h. Strains were mixed 10:1 and
competitive index was calculated as the change in ratio between 0 h and 6 h. Error bars represent SEM, n = 6. Statistical significance



12 (&) J.KJELLINET AL.

bile.’® Therefore, we repeated the competition
experiment on M9-media supplemented with cas-
amino acids, glycerol, L-arabinose and 0.1% bile.
We found that TW10828 could outcompete
MG1655 6-fold under these conditions, whereas
the no competitive ability could be observed for
the mutant lacking tssM (Figure 5b, blue bars,
Table S7). No inhibition could be observed for
the other strains. This suggest T6SS was activated
in TW10828 during growth on bile, and allowed
TW10828 to inhibit the growth of MG1655. To
ensure that this was due to inactivation of tssM
and not because of other changes, we complemen-
ted the tssM mutant with a tssM expressed in trans
from an arabinose inducible pBAD33 vector.
Complementation of the tssM mutant with an ara-
binose inducible tssM, restored the competitive
ability of TW10828 on bile (Figure 5b, Table S7),
further supporting that T6SS is activated in
TW10828 during growth on bile. In summary,
our results show T6SS is active in ETEC
TW10828 and that it contributes to the competitive
ability of this strain in vitro.

Discussion

Some ETEC strains are more efficient in causing
disease than others.*” Recent human clinical trials
with ETEC infections suggest that some of this
variation may be a result of differences in the
colonization efficacy.'’”'* However, the underlying
reason why some ETEC are better colonizers than
others is still unclear. Here, we provide evidence
that the competitive ability of ETEC strains varies
and that the acquisition of competitive systems is
beneficial for the bacteria. This suggests that the
competitive ability of ETEC could affect its coloni-
zation ability. On the other hand, ETEC shares
a growth niche with other Enterobacteriaceae
when found in the environment,*® and inter-
bacterial competition abilities could therefore be
important for survival outside the host. Hence,
the presence of competition systems could

represent ETEC’s ability to inhibit the growth of
non-kin bacteria both outside and within the host.

We identified a set of closely related strains iso-
lated from different geographical regions over sev-
eral decades that all contain the same plasmid
encoding Colicin Ia. The genomes of these ETEC
isolates were 91.7-99.9% similar (nucleotide iden-
tity multiplied by alignment coverage), suggesting
that the acquisition of Colicin Ia might have
allowed the spread and persistence of a particular
ETEC worldwide. The lack of evidence for ETEC
loss of colicin suggests a strong positive selection
for the gene but could also reflect the difficulty of
losing a selfish genetic element.*” As Colicin Ia
allows ETEC to outcompete other E. coli, it is
possible that the presence of toxins produced by
neighboring bacteria will kill any bacteria losing
the system (in particular those losing immunity).
Systems where the toxin can be delivered rather
than only produced internally have been shown to
have strong stabilizing effects on plasmids.”
Therefore, it is also possible that Colicin Ia is
under positive selection not because it provides
ETEC with a positive fitness gain but because it is
challenging to lose once it has been acquired.

The ability to produce colicins is expected in the
Enterobacteriaceae family, and studies have revealed
that approximately 30% of E. coli strains produce at
least one type of colicin.”’ In this study, we identified
colicins in 23% of ETEC genomes (Table S2), sug-
gesting that colicins may be less common in ETEC
than in E. coli in general. We also found no evidence
for the positive selection of other colicins in our
dataset. Colicin Ia is found in approximately 10%
of E. coli strains of different origins, and at similar
frequencies across E. coli groups in human strains.”
In our selection of ETEC, Colicin Ia was present in
12% of the strains, indicating a similar frequency as
observed for E. coli in general. Colicin Ia is a 70 KDa
protein atypical in that it is secreted to the extra-
cellular milieu rather than being released by cell
lysis,”” which could explain why this colicin is so
frequent. The genes encoding Colicin Ia are often
co-located with those encoding microcin M on

was determined using two-way ANOVA with a Fisher LSD post hoc test. ns= not significant, *= P < 0.05, **= P < 0.01, ***= P < 0.001
and ****= P < 0.0001. Significance stars above the bars indicate significant difference compared to the MG1655 vs MG1655 control
competition in that media. Other relevant statistical analyses are indicated with lines connecting the two samples compared to each
other. All statistics can be found in Table S7. c) T6SS effectors encoded by the ETEC strains used in competitions in B.



a large conjugative plasmid ranging from 80 to 150
kbp in size.”>>* In our study, we also found col-Ia on
a large conjugative plasmid that did not contain
genes encoding microcin M. This plasmid also
encodes the pemIK toxin-antitoxin system, which
could potentially provide additional selection for
the plasmid through post-segregational distortion
upon plasmid loss.>*

Half of the ETEC strains identified harbored
T6SS, which is higher than that found in other
classes of E. coli; e.g., only 14% of APEC (Avian
Pathogenic E. coli) strains contain T6SS.”> Recent
evidence suggests that T6SS is important for
Citrobacter rodentium colonization of the gut, and
that commensal E. coli can utilize their T6SS to
prevent Citrobacter colonization.”” Therefore, the
presence and positive selection of T6SS core genes
suggests that some ETEC may also utilize their
T6SS to compete with normal flora to establish
infection in the host gut. This hypothesis is sup-
ported by the observation of antibacterial activity
of T6SS type il found in at least one of the tested
ETEC strains. In addition, bile salts were required
to activate the system, suggesting a role for T6SS in
host colonization. This is further supported by the
fact that the presence of the T6SS type il system in
various E. coli strains has been linked to increased
virulence.”>>°

The arsenal of the T6SS effector varied greatly
among the different ETEC strains. Even phylogen-
etically closely related strains of ETEC showed the
accumulation of new effectors, suggesting that effec-
tors are frequently transferred by horizontal gene
transfer between strains. The most prevalent effec-
tors were Rhs toxins, which were found in all strains
with complete T6SS. Rhs effectors are modular tox-
ins consisting of an N-terminal delivery part and
a C-terminal toxin, separated by a conserved Rhs
core region. This modular structure allows the
C-terminal toxin to be exchanged through homolo-
gous recombination.”” In this study, we find nine
different loci where Rhs effectors are located and
examples of closely related ETEC that encodes dif-
ferent repertoires of Rhs effectors. This suggests that
the Rhs effector arsenal in ETEC is highly dynamic
and might provide the bacteria with the opportunity
to rapidly adapt their competitive ability. Rhs toxins
have been shown to be important for virulence in
Salmonella® and Pseudomonas,”® and contribute to
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bacterial competition in a range of
Enterobacteriaceae.””””*® However, not all Rhs
effectors are antibacterials. Instead, some Rhs effec-
tors mediate their effects on host cells,” suggesting
that the presence of T6SS and the associated Rhs
effectors could also impact ETEC’s interaction with
host cells. How the Rhs effector arsenal contributes
to ETEC pathogenicity lies outside the scope of this
work and will require future analyses.

In conclusion, our work suggests that competi-
tion systems are readily found in ETEC strains and
that the systems we found are under stabilizing
selection. Whereas most systems are found at simi-
lar prevalence in ETEC genomes as in other E. coli
(e.g. colicins), the type i1 T6SS seems to be over-
represented in ETEC strains. Why this is and if this
T6SS has a function in ETEC pathogenicity, will be
interesting to find out in future work. However, as
no comprehensive analysis of T6SS prevalence has
been carried out for E. coli, it is difficult to know-
how specific this over-representation is to ETEC.
Perhaps there are other pathogenic E. coli which
also show similar prevalence of T6SS type il.
Another limitation of our study and to ETEC
research in general, is the availability of ETEC
strains to test in the lab. Bioinformatic analyses
can only say so much about the function and activ-
ity of genes and in order to fully evaluate functions
strains must be tested in a laboratory setting. With
more ETEC strains available, the findings here
could be stronger and help explain differences in
T6SS activity observed between ETEC strains.

Materials and methods
Strains and growth conditions

The E. coli strains used in the present study are listed
in Table S8. The eight ETEC strains used in compe-
titions were previously isolated from young children
during a prospective cohort study on the etiology of
childhood diarrhea in Bissau, Guinea-Bissau in
1996-1998,°"°* and are representative of ETEC
lineages that are commonly associated with child-
hood diarrhea.” All strains were grown at 37°C in
Lysogeny Broth (LB) with shaking at 200 rpm, or on
LB plates supplemented with 1.5% agar, unless spe-
cified otherwise. For the competition assays solid
M9 minimal medium (33.7 mM Na,HPO,, 22 mM
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KH,PO,, 8.55mM NaCl, 9.35 mM NH,Cl, 2 mM
MgSO,, 0.1 mM CaCl,, 1.5% agar) was supplemen-
ted with 0.2% casamino acids and a carbon source of
1% glucose, glycerol, or arabinose as specified for
each experiment. Antibiotics were used when appro-
priate at the following concentrations chloramphe-
nicol (CAM) 12.5 mg/L, kanamycin (KAN), 50 mg/
L, cefotaxime (CEF) 10 mg/L.

Strain knockout constructions

To evaluate the effects of Colicin Ia and T6SS on
the competitive abilities of ETEC, we knocked out
these genes in strains TW10722
(GCF_018884385.1) and TW10828
(GCA_032368225.1). The TW10722 col-Ia
(EXA02_RS26115) /tssM  (EXA02_RS06400)
knockout and TW10828 tssM (QMY51_01415)
knockout were constructed by lambda red recom-
bineering. In short, resistance markers were ampli-
tied from pKD3/pKD4 using primer pairs SK2037
and SK2038/SK2041 and SK2042 (Table S9) for col-
Ia/tssM inactivation, respectively, in TW10722, and
with 2529 and 2531 for tssM inactivation in
TW10828. The PCR products were electroporated
into TW10722 or TW10828 cells expressing
lambda proteins, as previously described,®>** but
with a modified pSIMS5 vector where a CTX-M-15
gene replaces the cat gene. Transformants were
plated on relevant antibiotics, and resistant colo-
nies were verified as knockouts by PCR and Sanger
sequencing across the resistance markers.

To protect MG1655 from Colicin Ia, the Colicin
Ia immunity gene (EXA02_RS26110) was ampli-
tied from wild-type TW10722 using primers
SK2053 and SK2054 (Table S9) and cloned into
pBAD33% between the Smal and Sall restriction
sites. To complement the tssM knock-out, tssM
(QMY51_01415) was amplified from wild-type
TW10828 using oligos SK2727 and SK2728 (Table
S9) and cloned into pBAD33 using Xbal and
HindIII. Successful clones were verified by sequen-
cing using oligos SK387 and SK388.

Solid competition assay

In these assays, we tested the extent to which
different ETEC strains (inhibitors) could com-
pete with E. coli K-12, sub-strain MG1655

(target). MG1655 does not encode known com-
petition systems and was used as target.
Insertion of a neutral kanamycin or chloram-
phenicol marker downstream of lacA (lacA-kan
or lacA-cat) enables selection and enumeration
of targets.** The ETEC inhibitor and MG1655
target strains were cultured independently over-
night in LB, centrifuged, and washed once in
sterile filtered Phosphate Buffered Saline (SF-
PBS) before mixing at a ratio of 10:1 (Figures
4a,b and 5b) in PBS. For competition, 20 pl of
these mixtures were spotted on solid M9 mini-
mal media and incubated at 37°C for 24 h before
resuspending the cells in PBS. For Colicin Ia
immunity complementation competitions, the
competition mix was spotted on solid M9 mini-
mal media supplemented with either 1% glucose
or 1% arabinose instead, and for T6SS competi-
tions, on solid M9 minimal media supplemented
with 1% arabinose, 1% glycerol, in the presence
or absence of 0.1% bile extract porcine (Sigma)
was used. At both 0h and 6h, colony-forming
units per milliliter (CFU/ml) of the targets and
inhibitors were scored on LA plates (for inhibi-
tors) and plates with chloramphenicol or kana-
mycin (for targets) depending on the
competition. Competitive indices were calcu-
lated as the change in the ratio of inhibitor to
target cell concentration at 0 h as compared to
either 6h or 24 h. For details on which target
strain, initial ratio of inhibitors and targets was
used for each competition or how competitive
indices were calculated please consult Table S7.

Supernatant growth assay

To investigate the presence of secreted Colicin
Ia in the supernatant, supernatants from
MG1655, TW10722, and TW10722 Acol-Ia cul-
tures grown overnight were collected by pellet-
ing the cells and filtering the supernatant.
Overnight cultures of the MG1655 target strain
were sub-cultured 1/200 in sterile filtered super-
natant diluted 1x with fresh LB in a microtiter
plate. The cells were grown at 37°C with shaking
at 150 rpm for 6h and ODgy, measurements
were made every 5min over a 6h period in an
infinite M200 PRO microplate reader (Tecan
Trading AG, Minnedorf, Switzerland). Growth



was analyzed as the increase in ODggo values
over time.

Whole genome sequencing of ETEC strains

Genomic DNA was isolated using the Genomic-tip
100/G method (Qiagen, Hilden, Germany) from
the strains cultured overnight in LB broth. DNA
concentration was measured using a Qubit 2.0 with
dsDNA BR Kit (Invitrogen, Waltham, MA), and
purity was determined by NanoDrop 1000 mea-
surements. Barcoding and library preparation
were performed using the Native Barcoding Kit
24 V14, followed by sequencing on an R10.4 flow
cell in a MinION Mklc device (Oxford Nanopore,
Oxford, UK). Base calling and adapter trimming
were performed with Guppy version 6.3.8+d9e0{64
(Oxford Nanopore) using the super-accuracy con-
figuration (dna_r10.4.1_e8.2_260bps_sup). The
resulting reads were then assembled using Flye
v. 2.9.2-b1786% and inspected using Bandage.®’
Long-read polishing was performed using Medaka
v. 1.0.3 (https://github.com/nanoporetech/
medaka). For two strains, TWI10573 and
TW10690, paired-end Illumina libraries with 300
bp insert sizes were prepared using the NEBNext
kit (New England Biolabs, Ipswich, MA), and 100
bp read-length sequencing was performed on an
[lumina HiSeq 2000. The quality of these reads was
inspected using FastQC and mapped to the long-
read assemblies using BWA-MEM, version 0.7.17-
r1188, followed by short-read polishing using
Polypolish.®® All four genomes were then anno-
tated with Prokka 1.14.6°” before being submitted
as complete genomes to NCBI.

ETEC collection and phylogeny

All complete E. coli genomes in NCBI RefSeq data-
base (October 4, 2022) were downloaded by using
the NCBI Datasets tool (github.com/ncbi/datasets).
The ETEC colonization factor (CF) and entero-
toxin sequences were collected from the NCBI pro-
tein database or UniProt (Table S10). The
assemblies were then characterized based on the
presence of LT and ST toxins, as well as CFs by
using BLASTp’® with a 90% identity and coverage
cutoff. All strains with LT and/or ST toxins were
considered ETEC strains (Table S2). To facilitate
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comparisons with previous studies, 11 non-ETEC
E. coli and Shigella strains used in the von Mentzer
study” were included as references.

Gene selection, alignment of core genes, and
choice of outgroup organism for use in evaluating
the relatedness between different strains were per-
formed using autoMLST (-wf 1 -mo 0 -cat).”!
Subsequent phylogenetic analysis, based on the max-
imum likelihood method, was performed with 1000
bootstrap  replicates using IQ-TREE’> with
a generalized time-reversible (GTR) substitution
model. The resulting phylogenetic tree was drawn
using figtree (https://github.com/rambaut/figtree).
PubMLST multilocus sequence typing was per-
formed in silico for all strains included in the tree,
using mlst (https://github.com/tseemann/mlst).”
Average nucleotide identity and alignment coverage
were analyzed for assemblies with the same sequence
type and similar repertoire of competition systems
(see below) with pyani v. 0.2.12”* (Table S11).

Characterization of ETEC competition systems

All genomes included in the phylogeny were anno-
tated with Prokka.”” Potential CDI genes were
retrieved from Prokka annotations and evaluated
manually. T6SS genes were identified by BLASTp”®
using the SecReT6 database of experimentally vali-
dated T6SS components as reference.”” Coding
sequences of type i1 T6SS components were codon-
aligned with MACSE’® and dS/dN analyses were
performed using SNAP”” and FUBAR.”® T6SS effec-
tors were predicted in all strains with potentially
functional systems by search all predicted proteins
for Hep, VgrG, PAAR, MIX, and FIX domains using
rpsblast.”” We also searched for the presence of RIX
domains by first performing five iterations of PSI-
BLAST with the 55 N-terminal residues of Tmel
(WP_015297525.1) from V. parahaemolyticus
BB220P as described by.*>** The result was aligned
with MAFFT and used to construct a HMM profile
of RIX with hmmbuild. The profile was validated
against known RIX containing proteins and then
used to search for RIX domain containing proteins
in our dataset with hmmscan.”” Protein sequences
with at least one domain hit and at least 80 amino
acids following the domain were considered as puta-
tive effectors. Rearrangement hot spot (Rhs) effec-
tors were further characterized by dividing them
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into two parts, delivery and toxin, by determining
the location of the Rhs core domain with rpsblast.
The toxin part of each Rhs were then clustered based
on domain composition or, if no conserved domain
could be identified, by sequence similarity with
MMSegs easy cluster.*’

To identify and characterize bacteriocin sys-
tems, the complete set of Escherichia (taxid 561)
bacteriocins was downloaded from UniProt
(release 2022_04) and wused to construct
a BLAST protein database. The colicin reper-
toire for each strain was then determined by
using BLASTp with a 90% coverage and 90%
identity cut off. Accession number and sequence
of all identified bacteriocins and T6SS effectors
are found in Table S12. The average nucleotide
identity of col-In was calculated using the
OrthoANIu algorithm.®' Shared synteny map-
ping between plasmids between plasmids carry-
ing Colicin Ia encoding genes was performed
using Satsuma2 (https://github.com/bioinfolo
gics/satsuma2). Comparison of all plasmids
within lineages 2, 5 and 7 was performed using
pyani v. 0.2.12.”* The genomic loci of Rhs effec-
tors and col-Ia genes were extracted from anno-
tations and plotted with DNA Features
Viewer.*?
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